To confirm previously identified polymorphisms in HAVCR1 that were associated with persistent hepatitis C virus (HCV) infection in individuals of African and of European descent, we studied 165 subjects of African descent and 635 subjects of European descent. Because the association was only confirmed in subjects of African descent (rs6880859; odds ratio, 2.42; P = .01), we then used 379 subjects of African descent (142 with spontaneous HCV clearance) to fine-map HAVCR1. rs111511318 was strongly associated with HCV persistence after adjusting for IL28B and HLA (adjusted P = 8.8 × 10 −4 ), as was one 81-kb haplotype (adjusted P = .0006). The HAVCR1 genomic region is an independent genetic determinant of HCV persistence in individuals of African descent.
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After an acute hepatitis C virus (HCV) infection, some individuals spontaneously clear the infection; however, the majority remain persistently infected. These dichotomous outcomes are not solely attributable to differences in the infecting inoculum as accidental injection with the same virus results in both outcomes [1] . Thus, host differences are important for determining the outcome of an acute HCV infection. One established host difference is ethnicity, with clearance occurring about 5 times more often in subjects of European descent compared to those of African descent [2] . This observation is partially explained by genetic differences in immune response genes, which has been shown with IL28B and HLA alleles [3, 4] . Another candidate immune response gene is HAVCR1, which was implicated in a previous large-scale candidate gene study of HCV clearance and persistence [5] . HAVCR1 is a member of the T-cell immunoglobulin and mucin (TIM) gene family, which play a role in recognition and phagocytosis of apoptotic cells. In addition, HAVCR1 acts as a costimulatory molecule leading to enhancement of T-cell proliferation [6] . HAVCR1 polymorphisms have been associated with various diseases.
In our prior large-scale candidate gene analysis, the singlenucleotide polymorphism (SNP) rs6880859 in HAVCR1 was associated with HCV persistence in individuals of African descent (P < .001) whereas another SNP, rs953569, was associated with persistence in those of European descent (P = .007) [5] . Thus, we sought to replicate these associations in an independent population and then more deeply investigate SNPs and haplotypes in the HAVCR1 gene region to refine the chromosomal location responsible for the association in individuals of African descent.
METHODS

Study Population
To replicate the association of rs6880859 in subjects of African descent, we genotyped this SNP in 165 African American subjects who were not included in the initial study [5] . These subjects came from one of the following cohorts: the Women's Interagency Health Study (WIHS [n = 135]), Correlates of Resolved Versus Low-Level Viremic Hepatitis C Infection in Blood Donors (REVELL [n = 11]), and the Multicenter Hemophilia Cohort Study II (MHCS II [n = 19]), which have been described previously [7] . To replicate the rs953569 association, we used subjects of European descent from the same cohorts (WIHS [n = 47], REVELL [n = 198] , and MHCS II [n = 390]).
To fine map the genetic region driving the single SNP association in subjects of African descent, we studied subjects of African descent from a prior HCV genome-wide association study (GWAS) from one of the following cohorts: ALIVE, WIHS, Boston Area HCV Study Transmission, Immunity, Outcomes Network, and REVELL [7] . These subjects came from both the candidate gene study [6] and the replication cohort described above. In total, this part of the study examined 379 individuals of African descent, as determined by principal components analysis (PCA) [7] .
For all subjects in both the replication and fine mapping parts of this study, individuals with HCV recovery had HCV antibody (anti-HCV) and undetectable HCV RNA without any HCV therapy at 2 time points separated by 6 months. Persistently infected individuals had anti-HCV and HCV RNA for 6 months prior to any HCV therapy.
Informed consent was obtained from all patients, and the institutional review boards at all participating institutions approved the study.
Serologic Testing
All serum or plasma specimens were stored at −70°C. Human immunodeficiency virus type (HIV-1) antibody testing was done by enzyme immunoassay (EIA) with reactive results confirmed by Western blot analysis. Anti-HCV testing was done by Ortho HCV 2.0 or 3.0 EIA (Ortho Diagnostic Systems) or Abbott EIA 2.0 or 3.0 (Abbott Laboratories). HCV RNA was assessed by a branched DNA assay (Quantiplex HCV RNA 2.0 assay, Chiron Corporation), qualitative COBAS AMPLICOR HCV system (Roche Diagnostics), or transcription-mediated amplification (Novartis and Gen-Probe) [7] . All assays were performed according to the manufacturer's specifications.
Genotyping and Imputation
Genotyping of rs6880589 and rs953569 in the replication cohort was performed using a TaqMan SNP genotyping assay, performed according to the manufacturer's instructions (Applied Biosystems). All the subjects in the replication cohort had ancestry informative markers available for PCA.
To finely map the HAVCR1 gene region in subjects of African descent, genotype data from 156.2-156.6 Mb on chromosome 5 were obtained from the prior GWAS performed with Illumina Human Omni-Quad array, as previously described [7] . To determine probable genotypes for SNPs that were not on the array, imputation was conducted using IMPUTE2 [8] . Imputation allows for in silico fine mapping by increasing the density of genetic markers to find the strongest signal in the region [9] . Probable genotypes are inferred by comparing the underlying linkage disequilibrium (LD) in the reference population (1092 individuals representing 4 continental populations from the 1000 Genomes Project [http:// www.1000genomes.org/home]) with known genotypes to the genotypes in the study population.
The imputation protocol was verified by genotyping. The top imputed SNP did not have a predesigned TaqMan assay available; thus, we genotyped a SNP in perfect LD (D′ = 1 and r 2 = 1) (rs17054099) using a predesigned TaqMan genotyping assay (Life Technologies). The genotyped alleles of rs17054099 correlated perfectly with the imputed alleles of the top imputed SNP, thus verifying the imputation protocol.
Statistical Analysis
For the replication study, the associations of rs6880589 and rs953569 were compared between those who cleared HCV infection and those who were persistently infected using logistic regression. Odds ratios (ORs) were adjusted for principal components and HIV status, and were modeled so that an OR >1 reflected an increased likelihood of being persistently HCVinfected.
For the fine-mapping phase of the study, the association of genotyped and imputed SNPs with spontaneous clearance was estimated using SNPTEST [10] with logistic regression using an additive genetic model adjusting for the first 2 principal components and HIV status. The SNPs with P < .05 were screened for predicted functional effects using ANNOVAR with SIFT [11] and Polyphen2 [12] . They were also used to estimate haplotype blocks, which are genomic regions determined by recombination patterns, using a solid spline of LD (r 2 = 0.80). A χ 2 test of association was performed for each block. For the significant blocks, we permuted the association 100 000 times to determine an empirical P value. For the blocks that remained significant after permutation, PHASE v.2.1.1 [13] was used to estimate individual haplotypes, the phased genotypes within these haplotype blocks. Logistic regression was used to determine the odds of spontaneous HCV clearance for each haplotype vs any other haplotype, adjusting as above.
RESULTS
Subjects of African descent in the replication study included 78 with spontaneous HCV clearance and 87 with persistent infection. The C allele at rs6880589 was present in 13.6% overall and was associated with HCV persistence (OR, 2.42; 95% confidence interval [CI], 1.24-4.73; P = .01), similar to the prior candidate gene study, which had an OR of 2.44. In the 287 subjects of European descent with spontaneous HCV clearance and 348 with persistent HCV infection, our prior association of rs953569 with HCV outcomes was not replicated (OR, 0.73; P = .24). Because the findings were only replicated in subjects of African descent, we fine-mapped the region by performing in silico genotyping using data from the prior GWAS from 237 subjects of African descent with persistent HCV and 142 with spontaneous clearance (Supplementary Table 1 ). A total of 88 SNPs were evaluated in the specified genomic region with the strongest association with SNP rs7706174 (adjusted P = 2.1 × 10
), which lies within HAVCR1 (Figure 1 ). The minor allele frequency (MAF) of this allele was 35% overall and was 28% and 39% when stratified by HCV clearance and persistence, respectively. An additional 1807 SNPs were imputed in this region, and the most strongly associated imputed SNP after adjustment was between TIMD4 and HAVCR1 (rs111511318, P = 2.8 × 10 −4 ). The overall MAF of this SNP was 11% and was 6% and 14% when stratified by HCV clearance and persistence, respectively. This association remained (P = 8.8 × 10 −4 ) after adjusting for the top SNPs in the overall GWAS representing the known genetic associations in IL28B (rs12979860) and HLA (rs4273729). Haplotype blocks were determined from the 97 genotyped and imputed SNPs with P < .05. Of the 7 haplotype blocks, blocks 3 and 4 were the most strongly associated with HCV outcome (P = 3.0 × 10 −4 and 6.0 × 10
, respectively; Supplementary Table 2 ). After permuting the case-control status 100 000 times, block 3 had the strongest association (empirical P = 6.4 × 10 −3
; Figure 1 ). From the 33 SNPs within block 3, we estimated 23 distinct haplotypes, of which 11 had a frequency >1% in both the clearance and persistence groups. Of these 11 only haplotype 22, which included the top imputed SNP as well as the original Figure 1 . Each point corresponds to a P value from a test of association for a genotyped (dark gray) or imputed (light gray) single-nucleotide polymorphism (SNP). The negative log 10 P values (left y-axis) are plotted by genomic location across the HAVCR1 gene region (x-axis). The dashed line represents P = .05. The imputed and genotyped SNPs with the strongest association are labeled, as are the haplotype blocks. The recombination rate across this area of the genome is demonstrated by the black line with peaks representing a higher recombination rate (right y-axis). The coding regions for the genes in the region are identified at the top of the figure. SNP from the candidate gene study, was significantly associated with HCV persistence in the adjusted analysis (OR, 2.72; P = .0006; Table 1 ) even after adjusting for cohort (data not shown). As expected, the haplotype with the nearly complementary SNPs to haplotype 22 (haplotype 5) was associated with increased likelihood for spontaneous HCV clearance (OR, 0.55; P = .05; Table 1 ). We combined the 38 SNPs in blocks 3 and 4, and estimated 29 haplotypes of which 12 had a frequency >1%. Analysis of these haplotypes was identical to that of block 3 by itself. Adjustment for cohort and mode of transmission did not alter the results. The 97 genotyped and imputed SNPs with a P < .05 in the HAVCR1 gene region were screened for functional prediction. Only 1 SNP was exonic, but this SNP was categorized as benign (rs12522248, P = .02), and thus is likely not functional.
DISCUSSION
This study confirms a previous association of the HAVCR1 gene region with HCV persistence in individuals of African descent but not in those of European descent. Fine mapping in subjects of African descent identified a SNP (rs111511318) with the strongest association independent of signals from IL28B and HLA. We also identified 1 haplotype with the strongest association with HCV persistence in individuals of African descent. Although these data confirm that the HAVCR1 region is a determinant of HCV persistence in individuals of African descent, further work is needed to determine the functional variant within our identified haplotype.
The most strongly associated SNP in the HAVCR1 gene region, rs111511318, was present in 11% of the individuals of African descent in this study. Interestingly, this SNP is not polymorphic in individuals of European ancestry (www. 1000genomes.org), which may explain why the HAVCR1 association could not be replicated in subjects of European descent. Due to the long-range LD in this region, we were unable to isolate a single causal SNP. However, we did narrow the region of interest to an 81-kb haplotype extending from TIMD4 to HAVCR1 that likely contains the causal genetic variant. Data from the ENCODE project demonstrate that this region of interest (block 3) contains several potential areas of important regulatory elements, which may regulate HCV clearance (Supplementary Figure 1) .
A Spanish group genotyped the single SNP (rs953569) in HAVCR1 that gave a potential signal in European-Americans in our prior candidate gene study, but they did not confirm a role for this SNP with HCV persistence, [14] which is consistent with our findings.
It is intriguing to consider why this gene region is only important in individuals of African descent. The TIM gene family is a regulator of the immune response and the balance between the Th1 and Th2 response, so it is likely to be involved in the response to acute HCV in all ethnic groups. However, the associated haplotype only exists in those of African descent. Furthermore, there is greater heterogeneity of this region in African Americans than in European Americans, suggesting that there was more selection pressure from another disease leading to faster evolution. Thus, it is possible that the variants that are unique or more common in persons of African descent may have offered protection from this other disease but are detrimental to spontaneous HCV clearance.
The major strengths of this study are the replication of the prior association of the HAVCR1 genomic region in an independent cohort, the large number of subjects of African descent, and the comprehensive study of SNPs in the region. The major limitation of this study is the large LD block in this region, which is a barrier to identifying a single, causal SNP.
In summary, this study demonstrates that the HAVCR1 gene region is a determinant of HCV clearance in persons of African descent. Further work is needed to determine the precise variant responsible for this association, which will further our understanding of differences in HCV outcomes between individuals of African and European descent.
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